The exfoliation of graphite to give graphene dispersions in nonaqueous solvents is an important area with regards to scalable production of graphene in bulk quantities and its ultimate application in devices. Understanding the mechanisms governing the stability of these dispersions is therefore of both scientific interest and technological importance. Herein, we have used addition of an indifferent electrolyte to perturb few-layer graphene dispersions in a nonaqueous solvent (1,2-dichloroethane) as a way to probe the importance of interparticle electrostatic repulsions toward the overall dispersion stability. At a sufficient electrolyte concentration, complete sedimentation of the dispersions occurred over 24 h, and the relationship between dispersed graphene concentration and electrolyte concentration was consistent with a dispersion stabilized by electrostatic repulsions. We also found that an increased oxygen content in the graphite starting material produced dispersions of greater stability, indicating that the extent of oxidation is an important parameter in determining the extent of electrostatic stabilization in nonaqueous graphene dispersions.
■ INTRODUCTION
Since it was first isolated a decade ago, 1,2 the unique properties of graphene and its potential applications have sparked an enormous amount of research. Of key importance in the realization of graphene's full potential is the development of scalable bulk production methods. This has led to much work on nonaqueous solvent exfoliation of graphite to give graphene dispersions as a promising procedure for inexpensive production of graphene in bulk quantities. 3−6 N-Methyl-2pyrrolidone (NMP), dimethyl sulfoxide (DMSO) and N,Ndimethylformamide (DMF) are regarded as among the best solvents for this procedure. Because of its hydrophobic nature, pristine graphene does not disperse well in water, though aqueous dispersion can be achieved by functionalization with surfactants 7, 8 or oxidation to graphene oxide (GO). 9,10 GO and reduced GO (rGO) have also been successfully dispersed in certain nonaqueous solvents. 11−14 It is generally acknowledged that these nonaqueous graphene dispersions are thermodynamically unstable due to strong intersheet van der Waals (vdWs) attractive forces and will eventually aggregate and sediment out of dispersion. 5, 15, 16 Such dispersions are termed lyophobic colloids and often described by the theory of Derjaguin, Landau, Verwey, and Overbeek (DLVO). 17 There has been a considerable amount of work aimed at maximizing the extent of exfoliation, flake size, and dispersion concentration of nonaqueous graphene dispersions, 18−20 with thermodynamics used to rationalize which solvents are the best. The Gibbs energy of mixing a species and solvent per unit volume (ΔG mix ) is given by eq 1, where T is temperature and ΔH mix and ΔS mix are the enthalpy and entropy, respectively, of mixing per unit volume. ΔS mix will be positive, although small, for a rigid structure like graphene.
It is thought, therefore that "good" solvents must minimize the enthalpic cost of mixing, and in turn the thermodynamic instability of these dispersions, by having a similar surface energy to graphene. 5 Through modeling experimental dispersed graphene concentrations in a range of solvents with differing surface energies, the surface energy of graphene was estimated to be ca. 68 mJ m −2 . This analysis was subsequently expanded to matching the Hildebrand and Hansen solubility parameters of solvent and graphene. 21 Despite their thermodynamic instability, graphene dispersions in certain nonaqueous solvents have been reported to show very good kinetic stability toward aggregation and sedimentation over a period of months. 3, 20 However, there have been relatively few in-depth studies probing the this kinetic stability, which is surprising, given that a full understanding of the mechanisms governing the kinetic stability of nonaqueous graphene dispersions is essential for their incorporation in many practical applications.
In the DLVO theory of lyophobic colloids, there are two principal repulsive forces which can counteract attractive interparticle forces (vdWs in the case of graphene) and, if sufficient in magnitude, render dispersions stable for an extended period of time. 17, 22, 23 These are (1) electrostatic, where the presence of surface charge establishes an electrical double layer (EDL) around the colloidal particles and results in an electrostatic repulsion between approaching particles, and (2) steric, where bulky surface groups physically prevent the close approach of particles. 22 It is important to realize that any discussion of stability with respect to lyophobic colloids is of a purely kinetic nature, and all lyophobic colloids will eventually aggregate and sediment out. The repulsive forces simply provide an energetic barrier to aggregation.
Molecular dynamics (MD) simulations by Shih et al. 24 and Fu and Yang 25 have highlighted the importance of a structured layer of solvent molecules which forms around the surface of dispersed graphene sheets and provides a steric barrier to aggregation, thus opposing the vdWs attraction and aiding dispersion stability. Thus far, there has been an (almost total) absence of studies probing the contribution of surface charging to the stabilization of unfunctionalized, nonaqueous, graphene dispersions. However, Liu et al. 26 showed, through measurements of zeta potential (ζ), that as-dispersed graphene sheets do possess surface charge in a range of nonaqueous solvents. Indeed, they posited that electrostatic forces were the key factor determining the stability of graphene in nonaqueous dispersion.
The origin of surface charge on pristine graphitic materials in nonaqueous dispersion is generally not well understood. Dispersion in chlorosulfonic acid is an exception, where protonation of the graphene flakes occurs, lending these dispersions great kinetic stability due to electrostatic repulsions. 27 Liu et al. 26 observed a correlation between solvent donor number (DN) and ζ sign, for graphene dispersions, and proposed that surface charge is a result of electron transfer between graphene and the dispersing solvent. It is known that aqueous dispersions of GO possess a negative surface charge due to dissociation of oxygen containing functional groups (in particular, COOH). 10,28−32 Ameen et al. 33 have suggested that the extent of oxidation may also determine the magnitude of surface charge on carbon nanotubes (CNTs) in nonaqueous dispersion. In reality, unfunctionalized graphitic materials are not composed solely of carbon but also contain impurities, with oxygen from the graphite starting material being common. Therefore, it is possible that dissociation of oxygen-containing functional groups may contribute to the charging of nonaqueous graphene dispersions.
One of the most common ways to probe electrostatically stabilized colloids is through the addition of an indifferent electrolyte, which does not directly interact with the surface of the colloidal particles but simply screens their surface charge through the presence of positive and negative ions. These ions compress the EDL around the particles, thus reducing the electrostatic barrier to particle aggregation. The size of the EDL decreases with increasing electrolyte concentration, until eventually it is negligible and particle aggregation is simply controlled by diffusion. The concentration at which this occurs is known as the critical coagulation concentration (CCC). To the best of our knowledge, and despite its clear importance, there is no existing work on the perturbation of nonaqueous graphene dispersions by electrolyte. Several such studies have been performed on aqueous GO dispersions, 10,28−30,34−36 and perhaps the most relevant work to this study is that of the Poler group on electrolyte-induced aggregation of CNT dispersions in NMP and DMF. 33,37−39 To address these phenomena, we present a study on electrolyte-induced sedimentation of nonaqueous graphene dispersions and demonstrate that this behavior is consistent with that of an electrostatically stabilized colloid. Dispersions were prepared from two graphite powders of differing oxygen content to probe the effect of oxidation extent on the electrostatic stabilization of nonaqueous graphene dispersions. 1,2-Dichloroethane (DCE) and 1,2-dichlorobenzene (DCB) were used as the dispersing media. These solvents were chosen due to their compatibility with the interface between two immiscible electrolyte solutions (ITIES), 40, 41 which provides an interesting platform for the study of graphene's interfacial properties and electrochemistry. 42, 43 Though not the most commonly used solvents for dispersion of graphitic materials, DCE and DCB have previously been used to disperse graphene, 20,44−46 CNTs, 47−50 and C 60 . 51 Furthermore, commonly used dispersion media such as NMP and DMF are miscible with water and therefore not suitable for studies of adsorption at the organic/water interface or at the ITIES.
■ EXPERIMENTAL PROCEDURE Materials. DCE (Chromasolv, ≥99.8%) and DCB (Chromasolv, 99%) were used as purchased. The organic electrolyte, bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl, see Supporting Information, Figure S1 , for structure), was prepared by metathesis of BTPPACl (97%) and KTPBCl (≥98%), as described in the literature. 52 A slight variation in procedure was adopted, with a 2:1:1 acetone:ethanol:water mixture used here for the initial metathesis reaction and a 1:1 acetone:ethanol mixture used for recrystallization. All solvents and chemicals were purchased from Sigma-Aldrich, UK.
Graphite powder, produced from a binder-free graphite rod (GRod), was used for preliminary studies, and two powders produced from different sections of a single larger piece of natural graphite (NG I and NG II) were used for more detailed study. All graphite samples were supplied by Graphexel Ltd. (UK) and the powders prepared by ball-milling.
Preparation of Graphene Dispersions. Graphene dispersions were prepared by adding organic solvent to graphite powder, at an initial concentration of 1000 mg L −1 . Unless otherwise stated, the mixture of solvent and graphite was sonicated for 2 h (Elmasonic P 70 H sonic, 70% power, 37 kHz). After sonication, the following procedure, adapted from the work of Coleman et al., 3, 7, 18, 19, 21 was used to remove the larger particles/aggregates. Dispersions were left to stand for 24 h; the supernatant was collected and then centrifuged at 30g (587 rpm) for 45 min (Sigma 2-16 benchtop centrifuge). The resulting supernatant was collected as the final dispersion.
Characterization of Graphene Dispersions. Prior to dispersion, the graphite powders were characterized with X-ray photoelectron spectroscopy (XPS), with each powder pressed into a solid pellet for this analysis. XPS spectra of graphene flakes after dispersion were also recorded, with the dispersions filtered through a poly(vinylidene fluoride) (PVDF) membrane. All XPS measurements were performed on a Thermo Scientific K-Alpha spectrometer, using a monochromatic Al Kα X-ray source (100 W), at the NEXUS facility (Newcastle University, UK). Analysis of XPS data was performed using CasaXPS software, version 2.3.17.
Size distributions of dispersed particles were characterized using dynamic light scattering (DLS), scanning electron microscopy (SEM), and atomic force microscopy (AFM). Raman spectroscopy was used to assess number of graphene layers and extent of defects. Zeta-potential (ζ) measurements were employed to assess the surface charge on dispersed particles. DLS and ζ measurements were performed in situ on a ZetaSizer Nano-ZS (Malvern Instruments) using irradiation from a 633 nm He− Ne laser. DLS measured the hydrodynamic diameter (d H ) of a particle, which is the diameter of a hypothetical perfect sphere diffusing at the same speed as the particle under observation. 53 To determine ζ, electrophoretic mobility (μ) was measured and the Smoluchowski approximation (applicable when the particle radius is significantly larger than the EDL thickness) 7,54 was used to convert μ to ζ.
Samples for SEM, AFM, and Raman measurements were prepared by spin-coating 1 mL of dispersion onto a Si/SiO 2 wafer (1000 rpm for 3 min). An FEI XL30 Environmental FEG scanning electron microscope, operated under high-vacuum mode, was used for SEM measurements. Analysis of SEM images was performed using ImageJ software, with the longest lateral dimension (length) of each particle Langmuir Article measured. The total number of particles measured was 411, 301, and 244 for dispersions of GRod, NG I, and NG II, respectively. AFM measurements were performed on a Multimode 8 atomic force microscope (Bruker, USA), operating in PeakForce tapping mode with an SNL-10 Si-tip on a Si 3 N 4 cantilever. Nanoscope software (version 8.15, Bruker, USA) was used to operate the AFM, and SPIP (version 6.3.0, Image Metrology A/S, Denmark) software was used for particle analysis. Height values quoted in this report are the mean particle height, and the length is the longest lateral particle dimension. Raman measurements were performed on an inVia Raman spectrometer (Renishaw, UK) operated at <1 mW power. A 633 nm wavelength laser and 100× objective were used (laser spot size ≈1 μm). WiRE software (version 4.0, Renishaw, UK) was used to operate the spectrometer and remove cosmic ray interference spikes from the Raman spectra.
UV−vis spectroscopy was used to determine the concentration of graphene in dispersion, through the absorption coefficient at 660 nm (α 660 nm ) of 2305 ± 24 mL mg −1 m −1 , measured previously in our laboratory for dispersions of GRod in DCE. 42 Sedimentation Procedure. Sedimentation experiments were performed by adding 9 mL of dispersion to 1 mL of electrolyte solution, where the initial electrolyte concentration was an order of magnitude higher than desired. Dispersions of NG I and NG II were used in the sedimentation experiments, with a single bulk dispersion of each used to prepare the dispersions at different electrolyte concentrations. Bulk dispersions were sonicated for 5 min prior to removal of aliquots in order to ensure uniformity. After preparation, a first UV−vis spectrum was recorded. Further spectra were recorded over a period of a few days. All absorption spectra were recorded ex situ. Two to three spectra were recorded at each time point, and the average absorbance was used to determine the graphene concentration. A 2 mm optical path length quartz cell was used for UV−vis measurements. All glassware used in this work was cleaned with piranha solution (3:1 H 2 SO 4 :H 2 O 2 ). Corrosive! Extreme care should be taken when using this solution.
■ RESULTS AND DISCUSSION Initial Dispersions. Initially, GRod powder was dispersed in either DCB or DCE, using bath sonication for 30 min. This produced opaque dispersions, which could be seen to sediment out over a period of hours, leaving behind a more homogeneous gray phase. As shown in Figure 1 , addition of the organic electrolyte BTPPATPBCl immediately after dispersion at concentrations of 10 −4 (d), 10 −3 (e), and 10 −2 M (f) resulted in visible sedimentation of all the graphene after 24 h, while 10 −5 M electrolyte (c) appeared to cause no more sedimentation than in the pure organic solvent. These observations were the same with either DCB or DCE as the dispersing medium. Such behavior is characteristic of an electrostatically stabilized colloid which is destabilized through EDL compression upon addition of electrolyte, with rapid aggregation and sedimentation occurring at the CCC of electrolyte. 23 At the concentrations used, the majority of BTPPATPBCl dissociates to BTPPA + and TPBCl − ions (see Supporting Information, Table S1 , for degrees of dissociation). It is assumed that BTPPA + and TPBCl − do not directly affect the charge on the graphene surface and instead act as indifferent electrolytes.
UV−vis absorbance spectroscopy was chosen to quantify the effects of electrolyte on dispersion stability, as the concentration of graphene in dispersion is directly related to absorbance through the Beer−Lambert law. 3, 19, 42 The dispersions were stabilized, in order to have a controlled starting point for the electrolyte induced sedimentation, by removing larger particles/aggregates using the centrifugation procedure described in the Experimental Procedure section. This produced (to the eye) a homogeneous gray dispersion, which gave consistent absorbance readings over a period of several minutes. Additionally, the sonication time was increased to 2 h in order to raise the concentration of dispersed graphene and further break up any macroscopic particles. From this point onward, DCE was used as the sole dispersing solvent. GRod powder was used for initial tests to investigate the effects of electrolyte and determine a suitable range of electrolyte concentrations to study. NG I and NG II powders were used for further detailed study: their differing oxygen contents allowed the effect of differing surface charge to be investigated.
Characterization of Dispersions. XPS spectra of the three graphite powders, along with atomic percentages, are presented in the Supporting Information ( Figure S3 and Tables S2, S4 , and S6 for GRod, NG I, and NG II, respectively). The C:O ratios (at. %) of GRod, NG I, and NG II were 54.5, 54.1, and 27.1, respectively. Based on the aforementioned work on aqueous GO dispersions 10,28−30 and the prediction of Ameen et al., 33 it was thought that the greater oxygen content of NG II might produce dispersions with a higher surface charge than dispersions of NG I. ζ values of 52.7 and 53.6 mV were measured for dispersions of NG I and NG II. As ζ measures the charge of the EDL around colloidal particles, 55 the positive sign of these values is consistent with a surface charge generated by negatively charged oxygen-containing functional groups, around which dissociated positive charges form an EDL. However, the similarity in ζ for NG I and NG II, despite their differing oxygen contents, is not consistent with surface charge generation by oxygen-containing functional groups. Additional XPS measurements were performed on the dispersed NG I and NG II flakes (Supporting Information, Tables S5 and S7, respectively) to better characterize the elemental composition of these samples after exfoliation and dispersion. However, significant silicon and oxygen impurities could indicate contamination from glass, from the glassware used to contain dispersions during their preparation by sonication. Therefore, the best guide to the oxygen content of the samples comes from the XPS measurements performed prior to exfoliation, given the additional contamination noted. It is possible that ζ is not an accurate representation of surface charge for these dispersions, as was found by Smith et al. 56 for aqueous dispersions of CNTs, or that the variation in oxygen content between the two graphite powders used here is not sufficient to 
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Article significantly affect the surface charging of dispersed particles. Further discussion is present in the Supporting Information.
Complete data and detailed discussion of dispersion characterization by DLS ( Figure S4 ), SEM (Figures S5a and S6), AFM ( Figure S5b−d) , and Raman spectroscopy (Figures S7−S11) are present in the Supporting Information. Statistics on particle length and height, determined from SEM and AFM, respectively, are presented in Table 1 . Briefly, the characterization showed that dispersions of NG I and NG II had very similar lateral particle size distributions, with ca. 90% <1 μm in length and an overall average length of ca. 450 nm. The distribution of particles thicknesses was also quite similar, with ca. 75% of particles were <10 nm/ca. 28 graphene layers thick, 57 though the NG I dispersion contained ca. 10% more particles with thickness >100 nm than the NG II dispersion.
Stability in Pure Solvent. Initially, graphene dispersions in the absence of electrolyte were monitored over a period of days. Two runs were carried out for dispersions of both NG I and NG II. The average starting concentration of graphite in all dispersions was 31.1 ± 1.7 mg L −1 (this includes those with electrolyte, discussed later). Figure 2 shows the concentration profile of NG I and NG II dispersions over time. It is clear that even in the absence of electrolyte, dispersions of NG I and NG II in DCE are not initially stable. For both dispersions, the concentration of graphene dropped significantly after 24 h. However, at times exceeding 24 h, there is clearly a greater concentration of graphene in the NG II dispersion, thus indicating that a greater fraction of this dispersion displays longterm kinetic stability compared to NG I.
The data in Figure 2 were well fitted by single-exponential decays (shown as dashed lines) tending toward a constant value, with the general form shown in eq 2, 58, 59 where [Graphene] unst is a constant, k is the first-order sedimentation rate constant, and t is time.
[Graphene] is the weight concentration of graphene in dispersion, with all concentrations normalized to the concentration at t = 0, in order to account for the minor differences in starting concentration.
[Graphene] ∞ is the value toward which the exponential decays converge.
These fits imply that both dispersions contain an unstable fraction, whose concentration is given by [Graphene] unst , and a stable fraction, whose concentration is given by [Graphene] ∞ . It should be noted that [Graphene] ∞ is simply expected to display kinetic stability over time scales significantly longer than those studied here and is not expected to exhibit true thermodynamic stability. Sedimentation rate constants (k), determined from eq 2, are presented in the Supporting Information ( Figure S12 ).
The following values of [Graphene] ∞ were determined from the exponential fits in Figure 2 . NG I: 0.79 ± 0.12 and 4.09 ± 1.19 mg L −1 for runs 1 and 2, respectively; NG II: 15.2 ± 0.2 and 14.7 ± 1.4 mg L −1 for runs 1 and 2, respectively. These values show that a greater portion of the NG II dispersions, compared to NG I, display long-term kinetic stability. When assessing the characterization of these two dispersions, there are two differentiating factors: the lower oxygen content of NG I (as judged from the pre-exfoliation XPS data) and the greater population of particles with height >100 nm in the NG I dispersion. The greater oxygen content of NG II may lead to a greater particle surface charge in dispersion and, thus, a greater colloidal stability via electrostatic repulsions. However, the differing particle thickness distributions may also contribute to the differing colloidal stabilities.
Note that while the values of [Graphene] ∞ for the NG II dispersions agree reasonably well, those for dispersions of NG I are quite different. This illustrates the difficulty of reproducing dispersions, even when using aliquots from a single bulk dispersion to prepare all subsequent dispersions.
Onset of Aggregation. To probe the effects of electrolyte on dispersion stability, we have studied dispersion behavior at the onset of aggregation (X 0 ), which is defined by Forney et al., 37, 39 as the concentration of electrolyte that causes aggregation of 50% of the dispersed material over a given time period. X 0 occurs at lower electrolyte concentrations, and gives information on dispersion stability over longer time scales, than the CCC. Both the CCC and X 0 are quantitative measures of dispersion stability. 37, 39 Based on the initial work with GRod dispersions, a range of concentrations from 10 −8 to 10 −3 M BTPPATPBCl (DCE) was chosen for more detailed investigation. These concentrations were selected to provide a large range over which to study the electrolyte effects, while ensuring that the onset of aggregation would be covered. As 24 h was enough for qualitative sedimentation of the GRod dispersions, at sufficient electrolyte concentration, it was chosen as a suitable time frame within which to study X 0 . Figure 3 . Dispersions in the absence of electrolyte are also shown for comparison. NG I and NG II displayed similar behavior, with increasing electrolyte concentration initially having little effect upon dispersion stability, until eventually the Langmuir Article dispersion stability decreased markedly. Equation 3 (taken from Ameen et al., 33 where we have substituted SWCNT for graphene) was used to fit the data in Figure 3 and determine X 0 . Equation 3 is an empirical relationship, which approximates the sigmoidal relationship arising from integration of the Maxwell−Boltzmann distribution for energies greater than the EDL barrier. 33 A is the fraction of graphene remaining dispersed at infinite electrolyte dilution, and ΔX is the width of the sigmoidal function.
Plots of the relative graphene concentration after 24 h ([Graphene] 24 /[Graphene] 0 ) vs [BTPPATPBCl] are shown in
Values of X 0 and A, along with measured values of [Graphene] 24 /[Graphene] 0 in the absence of electrolyte, are presented in Table 2 . The calculated values of A match up very well with the experimental values of [Graphene] 24 /[Graphene] 0 , which is an important validation and shows that the sigmoidal trends in Figure 3 describe the additional sedimentation resulting from adding electrolyte to the system. Because of the observed sedimentation in the absence of electrolyte, we have adjusted the definition of X 0 here to be the concentration of electrolyte required to sediment 50% of the fraction of graphene dispersed at infinite electrolyte dilution (A). Simply comparing the fractions of graphene dispersed at 10 −5 M electrolyte illustrates the greater stability of the NG II dispersion, compared with those of NG I, echoing the greater stability of NG II previously observed in the absence of electrolyte. This is borne out in the order of magnitude difference in X 0 between the two dispersions and supports the theory that the extent of electrostatic stabilization is greater for NG II than NG I. There are large errors in the determined X 0 values, particularly for NG II, due to the lack of data points around the center of the sigmoidal curve. In spite of this, the sigmoidal fits are good descriptions of the observed behavior, and analysis of X 0 provides useful information on dispersion stability. Thus far, we have considered the dispersed graphene particles as charged colloids and interpreted the additional sedimentation caused by electrolyte addition as the result of particle aggregation arising from a compression of the EDL around the dispersed graphene flakes and subsequent reduction in the electrostatic barrier to particle aggregation. It is important to consider alternative explanations for this behavior. Salting out was suggested as the mechanism of electrolyteinduced sedimentation by Ryu et al., 34 for GO in aqueous dispersion, and Rozhin et al., 60, 61 for CNTs dispersed in NMP. In such a scenario, the addition of electrolyte destabilizes dispersed particles through a combination of reducing the number of solvent molecules able to solvate the particles and increasing the solvophobicity of the particles. First, the concentrations of electrolyte required to destabilize our graphene dispersions are significantly lower than those reported by Ryu et al. 34 and Rozhin et al. 61 Second, the relationship between the concentration of graphene in dispersion and the electrolyte concentration ( Figure 3) is well described by a sigmoidal function. This is a classic indicator of DLVO type behavior, whereas the relationship between solvophobicity and electrolyte concentration, derived by Rozhin et al., 61 was linear.
The additional sedimentation occurring at a certain concentration of electrolyte must then be caused by particle aggregation due to screening of the EDL around the dispersed particles and a reduced energetic barrier to particle aggregation. It is therefore likely that the aforementioned greater oxygen content of the NG II particles is the cause of the order of magnitude increase in X 0 for NG II compared to NG I. Though the greater fraction of very thick (>100 nm) particles in the NG I dispersion decrease its colloidal stability compared to NG II (as seen in the dispersions in the absence of electrolyte, Figure  2 ), variations in particle thickness will have limited effect on particle aggregation, given that face-to-face aggregation is most likely for platelet particles.
Kinetically Stable Dispersion Fraction. The long-term effects of electrolyte on dispersion stability were investigated by monitoring the dispersion concentration over a period of days. Dispersion concentration is plotted against time in Figure 4 . As in the absence of electrolyte (Figure 2 ), all data were well fitted by the single-exponential decay function (eq 2) tending toward [Graphene] ∞ . Again, this implies the presence of one stable and one unstable fraction in each dispersion. The rapid sedimentation of dispersions in the two highest electrolyte concentrations (10 −4 and 10 −3 M) prevented accurate fitting.
From Figure 4 , it appears that the dispersions generally tend toward lower [Graphene] ∞ values as the electrolyte concen-tration is increased. To better visualize this trend, [Graphene] ∞ , determined from the exponential fits in Figure 4 , is plotted against electrolyte concentration in Figure 5 . With a few exceptions, the [Graphene] ∞ values for both runs are in good agreement with one another for their respective dispersions. However, the errors associated with some of the [Graphene] ∞ values are large, especially for the lowest electrolyte concentration (10 −8 M), which may be due to the difficulty associated in accurately controlling a low electrolyte concentration.
It is clear from Figure 5 that even the lowest concentrations of electrolyte (10 −8 −10 −6 M), which had minimal effect on dispersion stability over 24 h (Figure 3) , decrease the fraction of dispersion with long-term kinetic stability. This is presumably the result of a slight decrease in the energetic barrier to particle aggregation, which takes longer than 24 h to manifest. Comparison of [Graphene] ∞ values between NG I and NG II further illustrates the greater stability of the NG II dispersions. Not only does the NG II dispersion contain a larger fraction of dispersion with long-term kinetic stability at each electrolyte concentration, the relative decreases in this Langmuir Article fraction, with each order of magnitude increase in electrolyte concentration, are also lower for the NG II dispersion.
It might be expected that a decreasing electrostatic barrier to aggregation, leading to additional particle aggregation and a decreasing [Graphene] ∞ , would be accompanied by an increase in the sedimentation rate constant, k. However, there was no particular trend in rate constant at electrolyte concentrations below the onset of aggregation, X 0 ( Figure S12 ). It appears that the particle aggregation occurring at electrolyte concentrations an order of magnitude < X 0 , which leads to a decreasing [Graphene] ∞ with increasing electrolyte concentration, is not sufficiently quick to affect the overall rate of sedimentation.
■ CONCLUSIONS
We have used exfoliation of graphite in DCE to prepare colloidal dispersions of predominantly few-layer graphene. These dispersions contain a fraction of graphene that is unstable and sediments out, leaving behind a kinetically stable graphene fraction. Addition of an indifferent electrolyte was found to destabilize the dispersions, leading to particle aggregation and additional sedimentation, with a sufficient concentration causing complete sedimentation. The relationship between dispersion concentration, after 24 h of sedimentation, and electrolyte concentration was consistent with compression of the EDL around an electrostatically stabilized colloid. The onset of aggregation, X 0 , was determined.
Though largely neglected thus far, electrostatic stabilization proved to be an important factor in determining the kinetic stability of nonaqueous graphene dispersions. Further to the previously highlighted thermodynamic criteria of matching the surface energy of graphene and dispersing solvent, when assessing its suitability for dispersing graphene, the study here introduces an additional solvent property to consider from a kinetic viewpoint. Maximizing the relative permittivity of the dispersing solvent should maximize the distance over which electrostatic interactions will permeate and thus maximize the magnitude of the intersheet electrostatic repulsions and dispersion stability.
Two graphene dispersions of similar lateral size and thickness distributions were used in the sedimentation studies. The NG I dispersion was prepared from a graphite source of lower oxygen content than NG II. The more oxidized graphite produced the more stable dispersion, both in terms of the concentration of the kinetically stable fraction and the resistance of the dispersion to electrolyte-induced sedimentation. We hypothesize that this increased stability originates from an increased surface charge on the particles as a result of the greater extent of oxidation. Further studies probing the origin of surface charge in nonaqueous graphene dispersions and its overall importance to the stability of such dispersions would be of great interest.
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